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Overview

« Quantum states of light: How can we detect them?

* Photon number resolved detection by TMD
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Quanftum states of light
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Quanftum states of light




Confinuous variables: quadratures

Phase space diagrams: single mode field
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CV and squeezed states
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Detection of light

Semiconductor photo-diodes
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@ high quantum efficiencies possible

@ electronic noise masks single

photons out:
no single-photon sensitivity

Detection of single photons?

Avalanche photo-diodes (APD)

4 )

Geiger-Muller-counter

L —

@ single photons cause charge

carr[er-avalanches: -
single-photon sensitivity

@ deadtimes limit repetition rates

@ loss of information about statistics
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Theory of photo detection




Homodyne tomography

Defection scheme
focal ¥ quadrature
oscillator 39 ¢ 0 | measurement:
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Homodyne detection

Phase space representation
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Detection methods

Detection scheme

local

‘ oscillator

vaccum

signal

+/- = i+/i_

Detection with single photons

‘ “click”
binary detector D

incoming pulse

POVM: #1=1—10) (0

no click”

@ quadrature measurement:
projection on Gaussian

states

@ filters on local oscillator
mode
Al = [do&(w)a' ()

@ single-photon sensitivity
@ loss of information about statistics
@ non-Gaussian operation
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Basic properties of APDs

How much information can be gained with APDs?

‘ “click”
binary detector D

incoming pulse “no click”

@ Quantum efficiency n = iggfgg}]?%ﬁgfo”,iz

@ Dark count-rate D= detection-events without incident signall

Dead-Time with Dark-Counts

@ Deadtimes
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Aftenuation of light

bright beams: coherent states D
infensity P /1
I =nl —D
() = n(i) :

linear treatment of attenuation

single photons

detection probability

P =nP



Detection of coherent states

APD-detection: probability for "CLICK”:

Paick = 1 —p(0) =1 — 71"
POVM: #1=1—0) (0

A priori-knowledge: coherent state |o) = e_%|a|2):;°:0 \‘}‘% |n)

Aftenuation mesurements with well-calilbrated m

* measured count rate
—— fitted curve

|(X) - m (X) Count rate with variable attenuation
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How fast can APDs be operated?

for cw laser light:
From 1 M counts/s a correction factor must be allowed for

for pulsed laser light , y

ik |
R = frep Pw) PAPD * Pcort _l r.,l L

pulse is lost during deadtime

Linear dependency in laser rep. rate Correction factor for higher rep. rates
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Overview

« Quantum states of light: How can we detect them?

* Photon number resolved detection by TMD



Photon number resolution

* Input light in a single mode
* Divide input among many modes
* ensure that there are many more output modes than input photons

* count “clicks” (l.e. presence or albsence of photons) in the oufput modes

linear network

—» —
— . —— H APDs

3 >
input ‘ D U “
pulse ) )

R . | ]

photon number
distribution

pn > pk

Kok and Braunstein, Phys. Rev. A 63, 033812 (2001). Q'L(‘

“click” statistics




Time multiplexed detector (TMD)

Distribute photons in tfemporal modes
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Advantages < Off the shelf components < No cryogenics
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+» Fewer resources that cascade % Low dark counts

s Relafively high efficiency

D. Achilles, Ch. S., C. Sliwa, K. Banaszek, I. A. Walmsley, Opt. Lett. 28, 2387 (2003).
D. Achilles, Ch. S., C. Sliwa, et. al., J. Mod. Opt. 51, 1499, (2004). QIL(‘



TMD characteristics

carefully determined
delay lengths (100ns)

varying coupling
ratios

Characteristics of the 2x4 modes TMD
using bright light and a fast photo diode

3 coupler multimode TMD (2x4 modes)
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TMD characteristics

Classical light input - APD detection
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TMD data acquisition

RGPOI't on TDC Data CLICK STATISTICS CLICK STATISTICS
i Conditional (CLoopySM.txt)  Probability Unconditional (CLoopyMM.txt)  Probability
File Name: 1477490 0.8402 286173409 0.9541
271289 0.1543 13487967 0.0450
425nWC.LoopyMM.Report . tex 9525 0.0054 283188 88888
166 0.0001  click statistics 22 00000
Input Name: 1 0.0000 . 0 0.0000
: 0 0.0000 conditioned & 0 0.0000
4250C. bin various measurement 0 0.0000 . 0 0.0000
statistics 0 0.0000 Unconditioned 0 0.0000
Total Singles in Channel 0: 0 0.0000
Frames with Singles in Channel 0: 1493271
Total Singles in Channel 1: 1701555 APD
Frames with Singles in Channel 1: 1692283 )
Total Singles in Channel 2: 11837337 MATRIX STATISTICS
Frames with Singles in Channel 2: 11594733 Cond L APD
Total Singles in Channel 3: 11644127 ond.Loopy (CLoopySM.txt)
Frames with Singles in Channel 3: 11411195 384605010 13216678 273235 3326 91 0 0 0 0
Samples: 26686373 1473677 270166 9407 163 1 0 0 0 O
Approx. Trigger Frequency (Hz): 9.9983e+-05 3807 1118 118 2 O 0O 0O 0 0
Passed Time (s): 300.0000 6 5 0 1 0 0 0 0 0
TDC Bin Width (s): 8.2304e-11 0 0 0 0 O 0 0O 0 0
TDC Time Offset (s): -5.0000e-08 0 0 0 0 O 0 0 0 0
Min dt (s): 1.9588e-08 0 0 0 0 O 0 0 0 0
Max dt (s): 1.0750e-06 0 0 0 0 O 0 0 0 o0
Total Gated Singles in Loopy: 14064051 0 0 0 0 O O O 0 o0
Frames with Gated Singles in Loopy: 13774241 0 0 0 0 0 0
Total UnGated Singles in Loopy: 9417413 0 0 0 0 0 0 .
Total Gated Singles in Loopy-Trigger: 1763540 0 0 0 0 0o 0 Correlchon
Frames with Gated Singles in Loopy-Trigger: 1758471 0 0 0 0 0 0
Total UnGated Singles in Loopy-Trigger: 1441369 0 0 0 0 0 0 mo‘l‘nx
Total Gated Singles in Coincidence Gate 1: 14064051 > > 0 0 0 0 0 0
Frames with Gated Singles in Coincidence Gate 1: 13774241 o o 0 0 0 0 0 0 v v v
Total UnGated Singles in Coincidence Gate 1: 9417413 0 0 0 0 0O 0 0 0 ©O
Total Gated Singles in Coincidence Gate 2: 1763540
Frames with Gated Singles in Coincidence Gate 2: 1758471 o X0 Chagl_nel 0 R e
Total UnGated Singles in Coincidence Gate 2: 1441369 z
Coincidenes in Gate 1 and Gate 2: 280981
Efficiency in Gate 1: 0.1598
Efficiency in Gate 2: 0.0204 i

CLICK STATISTICS

Loopy Bin Statistics  Probability 16 0 0 Chzﬂnl_,’ﬁ_em L . ot e it
2120247 0.1508 i B
1750726 0.1245 Eos E\Iw
1460916 0.1039 =0 ;
porcme'l'er for gg 8}?8% ?Elk« 10° 2;1) .u:n Cha‘i_&'ll_iel 3 s(ln 1(;1) 1200 : |H
convolution matrix 64 0.1073 hisfograms Il
68 0.1131 S04 : o mecerer AN e
9176671 0.1548 ] | et | s S s S | L‘
time (ns) L



Modelling the TMD

C-L

p n - p k

photon number detected
distribution AAADL "click" statistics

11 .
—_> C’L‘ﬁ J_L

Convolution matrix C :

takes info account imperfect splitfing of photons

po= plkin)p,. p=Cp

Loss matrix L :

takes into account loss of photons

FE R
Salld;




Dealing with losses

For single input mode o TMD: losses are independent of the convolution

In BS\ Ly out2 In n\ BS\ Out 2
- = s> > >
; ; 0 =m,(1-¢)+en,
nl ““‘_“...y......". OUt 1 8
vooP, losses i L. Y. £ = e
Mot Loss .3 n
Out 1
1-n P,

Binomial distribution:

n — —
Py = E(k) n'd-n""p,, p=Lp
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INnversion

Coherent light statistfics
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